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Abstract 8 
Xylose reductase (XR) and xylitol dehydrogenase (XDH) are the key enzymes for 9 
xylose fermentation and have been widely used for construction of a recombinant xylose 10 
fermenting yeast. The effective recycling of cofactors between XR and XDH has been 11 
thought to be important to achieve effective xylose fermentation. Efforts to alter the 12 
coenzyme specificity of XR and HDX by site-directed mutagenesis have been widely 13 
made for improvement of efficiency of xylose fermentation. We previously succeeded by 14 
protein engineering to improve ethanol production by reversing XDH dependency from 15 
NAD+ to NADP+. In this study, we applied protein engineering to construct a novel 16 
strictly NADPH dependent XR from Pichia stipitis by site-directed mutagenesis, in order 17 
to recycle NADPH between XR and XDH effectively. One double mutant, E223A/S271A 18 
showing strict NADPH dependency with 106 % activity of wild-type was generated. A 19 
second double mutant, E223D/S271A, showed a 1.27-fold increased activity compared to 20 
the wild-type XR with NADPH and almost negligible activity with NADH.  21 
 22 
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1. Introduction 29 
Xylose is the second most abundant pentose sugar constituting the lignocellulosic 30 
renewable biomass after glucose, and its complete fermentation is economically valuable 31 
for producing biofuel from lignocellulosic biomass [6]. Recombinant S. cerevisiae can 32 
ferment xylose through a fungal pathway involving two heterologous oxidoreductase 33 
genes. In this pathway, Pichia stipitis xylose reductase (PsXR) (XR; EC 1.1.1.21) [18], 34 
which prefers NADPH, reduces xylose to xylitol followed by P. stipitis xylitol 35 
dehydrogenase (PsXDH), which exclusively requires NAD+ (XDH; EC 1.1.1.9) [17], 36 
oxidizes xylitol into xylulose. S. cerevisiae xylulokinase (XK) (EC 2.7.1.17) naturally 37 
phosphorylates xylulose to xylulose-5-phosphate, which is then metabolized by the 38 
glycolytic pathway via the pentose phosphate pathway [7]. XK overexpression improves 39 
the efficiency of xylose fermentation [4, 5, 15]. Although this fungal pathway is highly 40 
expressed in S. cerevisiae, the efficiency of ethanol production is somewhat obstructed by 41 
the unfavorable accumulation of xylitol due to the imbalance of coenzyme specificities 42 
between XR and XDH [6]. 43 
Xylose reductase is a member of the aldo-keto reductase (AKR) superfamily 44 
which is made up of 14 different families and approximately 120 members with a 45 
majority of dual cofactor type enzymes [8]. Candida tenuis XR (CtXR) is one of these 46 
enzymes. Its crystal structure has been determined at different levels of resolution and its 47 
binding sites with NAD(P)H were also determined [10,12, 25]. Although only little 48 
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structural information of PsXR is available, it has about 76% homology with the CtXR. 49 
This high percentage of similarity should provide some clues for manipulation of PsXR 50 
[13].  51 
Protein engineering has been widely used to alter the coenzyme specificity of XR 52 
and XDH. Since PsXDH accepts only NAD+, many researchers reversed the preference 53 
of XR to NADH in order to achieve NAD+/NADH cofactor recycling [1, 13, 16, 20]. On 54 
the other hand, we have been working on converting cofactor usage of XDH to NADP+ 55 
from NAD+ [21]. We previously succeeded to improve the fermentation process and 56 
ethanol production by using these XDH mutants [23]. In this study, site-directed 57 
mutagenesis of PsXR was performed to construct a strictly NADPH-dependent XR, 58 
expecting decreasing or preventing xylitol accumulation and subsequently improving 59 
ethanol production. 60 
 61 
2. Materials and Methods 62 
2.1 Cloning of the P. stipitis Xylose reductase gene and Site-directed mutagenesis 63 
A plasmid, named pHis (WT) harboring the His-tagged wild-type (WT) PsXR 64 
gene was constructed as described previously [20]. All XR mutations were introduced by 65 
site-directed mutagenesis, using the single round PCR method with PfuTurbo DNA 66 
polymerase (Stratagene) and the PCR Thermal Cycler PERSONAL (TaKaRa, Otsu, 67 
Japan). The codons used for mutations introduced in this study were as follows: E223A 68 
(GAA→GCA), E223D (GAA→GAC), and S271A (TCC→GCC). The PCR products 69 
were subjected to DpnI restriction enzyme treatment in order to digest the parent DNA 70 
strands to prevent transformation of the template plasmid. Only nicked circular 71 
mutagenic strands were transformed into Escherichia coli DH5α. Electroporation method 72 
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was used to transform plasmids and the mutations were confirmed by DNA sequencing 73 
using Applied Biosystems 3031 genetic analyzer and ABI Prism® Big Dye® Terminator 74 
v3.1 Cycle Sequencing kit. 75 
 76 
2.2 Overexpression and purification of (His)6-tagged enzymes 77 
P. stipitis xylose reductase wild-type and mutated genes were expressed in E. coli 78 
DH5α and purified as described previously [20]. Purified enzymes were confirmed on 79 
10 % acrylamide SDS-PAGE. Protein concentrations were determined using the Bio 80 
RAD Quick Start Bradford 1x Dye Reagent (Bio-Rad Laboratories, CA, USA) by 81 
measuring the absorbance at 595 nm with γ-globin as a standard. 82 
 83 
2.3 Enzyme assays and Kinetic parameters 84 
Enzyme activities were measured spectrophotometrically as described previously 85 
[20] with modification in xylose concentration to 400 mM. The kinetic parameters were 86 
calculated by Line Weaver–Burk plots.  87 
 88 
3. Result and Discussion 89 
3.1 Speculation and prediction of NAD(P)H binding sites  90 
Crystallographic analyses of many AKRs have revealed that they share a common 91 
(α/β)8 barrel fold, with a highly conserved coenzyme binding pocket at the C-terminus. 92 
90.9 % of the residues are located in the core area and 9.1 % are in the allowed regions 93 
[11]. The nicotinamide ring of NAD(P)H is resides in the core of the barrel. Residues 94 
Glu227 and Asn276 in CtXR, which equal to Glu223 and Asn272 in PsXR, primarily mediate 95 
the interactions with the adenosine ribose 2'- and 3'-hydroxy groups. As shown in Fig. 1, 96 
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Glu223 represents the essential part NADH binding where contacts by bidentate hydrogen 97 
bond with both of the hydroxy groups.  Similar interactions have been seen in many other 98 
NADH-binding protein structures [2, 3]. However, The structurally equivalent residues 99 
Asp216 and Val264 in aldose reductase in human (AR) are unable to fulfill the equivalent 100 
roles, Asp216 is required for high affinity binding of NADPH by forming two salt linkages 101 
with Lys21 and Lys 262 and fastening the loop over the co-substrate [24].  102 
Glu227 and Lys274 in CtXR makes water-mediated interactions each other and with 103 
the 3'-hydroxy group in the case of NADP+-bound structures. In the absence of a 104 
negatively charged phosphate, Glu227 side chain is able to rotate into a favourable 105 
conformation to accept a 2.64 Å hydrogen bond contact with the 2'-hydroxy group and a 106 
2.65 Å hydrogen bond with the 3'-hydroxy group when NAD+ is bound.  The root mean 107 
square deviations of the Cα values between NAD+- and NADP+-bound models was 108 
calculated in CtXR. The largest conformational change is seen in residues 274–280, 109 
which corresponding to 270-276 in PsXR, and then residues 225–229, which 110 
corresponding to 221-225 in PsXR, a short helical region that appears at the end of β7. 111 
The largest main-chain shift is seen in Ser275, which corresponding to Ser271 in PsXR, 112 
moves 2.0 Å in response to the miss contact of the phosphate group of NADPH [10]. 113 
Furthermore, Glu223 of PsXR was subjected to a mutation trial and the result revealed that 114 
alteration of this site might further inhibit NADH binding [13]. In addition, from the 3D 115 
structure model of PsXR, it was reported that Glu223 and Phe236 can form 3 and 2 116 
hydrogen bonds with NAD+, respectively [19]. 117 
Considering the property as described above, the mutations were designed based 118 
on sequence alignment of some strictly NADPH dependent analogous enzymes in the 119 
AKR family, such as AR, as shown in table1, where glutamic acid 223 was substituted by 120 
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aspartic acid. Both glutamic and aspartic acid are acidic side chain and fully ionized at 121 
neutral pH and able to engage in hydrogen bonds, which is a necessary component for a 122 
high affinity xylose binding site [9].  Alanine is a nonpolar side chain that does not bind 123 
or give off protons, or participate in hydrogen or ionic bonds. Alanine can be worked as 124 
oily or lipid-like that promotes hydrophobic interactions. Accordingly, we apply aspartic 125 
acid and alanine to mutation trials instead of PsXR glutamic acid 223.  126 
 127 
3.2 Strictly NADPH dependency on Glu223 mutants 128 
We applied Glu223 residue for mutation trails in order to delete NADH dependency. 129 
Although this residue is also shared in NADPH binding, some reports reveal that it 130 
contributes more to the affinity of NADH, where it plays a role in the binding site by 131 
binding two hydrogen bonds with 2' and 3' hydroxy groups of the adenosine ribose. In 132 
addition to changes in hydrogen-bonding of the adenosine, the ribose unmistakably 133 
adopts the 3'-endo conformation rather than the 2'-endo conformation seen in the NADP+-134 
bound form [10]. The enzyme activities with NADH were calculated after introduction of 135 
Glu223 residue mutations (Fig. 2)
.
 No activity was detected for E223A with NADH while 136 
E223D showed only 17 % of the activity of WT. In addition, catalytic efficiency was 137 
decreased to 3.7 % of WT. Their activities with NADPH showed 52 % and 44 % of WT, 138 
respectively. The catalytic efficiencies of E223A and E223D were 26 % and 15 % of WT 139 
respectively. Although, these ratios were low compared with WT, E223D showed 2.54 140 
and 3.9 fold improvement in NADPH/NADH ratio and kcat /Km respectively. E223A is a 141 
completely NADPH dependent mutant, probably due to the change of 3'-endo ribose 142 
conformation and miss contact of bidentate hydrogen bonds which was conserved in 143 
NAD+ binding sites in most members of dual cofactor in AKR family.  144 
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3.3 Improvement of enzyme activities with double mutants 146 
We previously reported that the mutation of Lys270 and Arg276 in PsXR improve 147 
NADH preference [20], while S271A increased the preference for NADPH [22]. The 148 
second rounds of mutations were done based on this data. Accordingly, combination of 149 
S271A with Glu223 mutants was expected to increase the activity of XR with NADPH. As 150 
shown in Fig. 1, S271A mutant showed improved NADPH preference, where the 151 
activities with NADPH and NADH were 125% and 85% compared to WT respectively. 152 
These data encouraged us to perform further investigations by combining S271A and 153 
Glu223 mutants. A combination of site-directed mutations of the residues Glu223 and 154 
S271A produced unique and unprecedented results. The double mutants E223A/S271A 155 
(AA) and E223D/S271A (DA) showed improvement in the activities with NADPH 156 
compared to single Glu223 mutants. As shown in Fig. 2, the activity of the double mutant 157 
AA with NADPH was 106% compared to WT. As shown in Table 2, the kcat of WT and 158 
AA were 622 and 657 min−1, respectively; their Km for xylose were 97.1 and 226 mM, 159 
respectively; and their catalytic efficiencies were 38.6 and 32.4 µM−1/min−1, respectively. 160 
On the other hand, the activity of DA showed 15 % WT with NADH (Fig. 1) in addition 161 
to Km was increased 12.8-fold and kcat decreased 3-fold (Table 2). As shown in Fig. 2, the 162 
activity of DA with NADPH was increased 1.27-fold compared to WT; kcat also increased 163 
1.18-fold compared to WT, while catalytic efficiency was decreased to 93 % of WT and 164 
Km increased 1.26-fold compared to WT (see table 2). Thus we succeeded to construct a 165 
novel strictly NADPH-dependent PsXR by combining the mutation at Glu223 and Ser271 166 
residues.  167 
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We previously succeeded in improving xylose fermentation and ethanol production 168 
by combining PsXR WT with the mutated PsXDH which accepts only NADP+ (i.e., 169 
quadruple ARSdR mutant) [23], and overexpression of XK [14, 15]. It may provide 170 
further clues for understanding of importance of coenzyme specificities of XR and XDH 171 
using the strictly NADPH-dependent PsXR of this study together with the strictly 172 
NADP+-dependent PsXDH [21]. It could possibly give more efficient xylose 173 
fermentation by an effective recycling of coenzymes of NADPH between XR and XDH. 174 
 175 
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              *    A   *       *   A   *       krow sihT                                                    ♣AA               RX sP
              *    A   *       *   D   *       krow sihT                                                    ♣AD               RX sP
                    ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
 TW RXsP sa sdica onima emas ehT*          setis noitatum tegrat tneserper srettel dloB
♣
 )AD( A172S/D322E dna )AA( A172S/A322E tnatum elbuoD 
  7Brebmem  ,1 ylimaf esatcuder otek-odlA §     emyzne tnedneped HPDAN tcirtS ♠
 esatcuder dica cinoculg-D-otekiD-5,2 ٭
 2 
 2 elbaT
 snoitcaer tnedneped-HDAN dna -HPDAN rof stnatum esatcuder esolyx dna epyt-dliw fo sretemarap citeniK
  ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
 sretemarap citeniK                                                                                            
 ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ                                             
                                             HDAN                                                                                                    HPDAN                                               
       ــــــــــــــــ       ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ       ـــــــــــــــــــــ
           mK/ tack                                btack                  bmK         a esolyx mK                    mK/ tack                      btack               bmK        a esolyx mK       semyznE
 ]1−nim/1−Mµ[                ]1−nim[               ]Mµ[              ]Mm[          ]1−nim/1−Mµ[        ]1−niM[             ]Mµ[               ]Mm[                        
   ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
 4.1 ± 7.41             22 ± 944         0.1 ± 6.03         32 ± 071               9.2 ± 6.83        22 ± 226       4.1 ± 2.61         8.4 ±1.79        TWRX
 04.0  ± 00.9             24 ± 084         4.4 ± 3.35          21 ± 081              3.0 ± 0.92         05 ± 478      7.3 ± 1.03        7.8 ± 6.07         A172S
 DN                      DN                   DN                 dDN            44.0 ± 49.9         92 ± 943      7.3 ± 2.53        7.4 ± 8.92         A322E
 51.0 ± 55.0             25 ±  961           11 ± 503         23 ± 673            23.0 ± 56.5         24 ± 413      1.7 ± 4.55           31 ± 411        D322E
 DN                      DN                   DN                  DN               7.2 ± 4.23         37 ± 765      7.0 ± 5.71          22 ± 622             cAA
                 01.0 ± 44.0              92 ± 651           64 ± 193           1 ± 353               3.0 ± 0.63         41 ± 337      4.0 ± 4.02            8 ± 801             cAD
  ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
a
  .Mµ 051 saw noitartnecnoc H)P(DAN dna desu erew Mm 002 dna 76 neewteb esolyx fo snoitartnecnoc tnereffid xiS 
b
  .Mm 004 saw noitartnecnoc esolyx dna desu erew Mµ 003 dna 05 neewteb H)P(DAN fo snoitartnecnoc tnereffid xiS 
c















































Fig. 1. Schematic diagrams showing the predicted interactions of wild-type PsXR; Left-
hand panel: adenosine 2'- and 3'- hydroxy groups in the complex with NAD+ and Right-
hand panel: adenosine 2'- and 3'- hydroxy groups in the complex with NADP+ based on 





























Fig. 2. Enzyme activities of PsXR wild-type and mutated enzymes. Black and grey bars 
indicated activities with NADPH and NADH respectively; Values are average ± SD, n=3. 
 
